Introduction {#sec1}
============

GM1 gangliosidosis (GM1) is a fatal lysosomal storage disorder caused by mutations in the *GLB1* gene encoding the lysosomal enzyme, β-galactosidase (β-gal; EC 3.2.1.23). GM1 affects individuals of all ages and can be clinically classified into four categories: infantile, late infantile, juvenile, and adult onset.[@bib1] Subtype classification is largely based on age of onset and disease severity, and often correlates with residual β-gal activity associated with a given mutation. All subtypes result in storage of GM1 ganglioside and its asialo derivative (GA1) throughout the central nervous system, predominantly within neurons, with storage rate proportional to disease severity.[@bib2] Ganglioside storage is accompanied by classical neurodegenerative mechanisms, including astrogliosis, microgliosis, demyelination, and neuroaxonal degeneration.[@bib2], [@bib3], [@bib4] Although each of these neurodegenerative mechanisms is known to occur in GM1, their timing relative to disease onset and severity remains unknown. Although difficult to do in humans, clinical and histopathologic correlates in GM1 animals over time can further define the relationship between disease progression and cellular change within the brain. Once established, these clinical biomarkers can be used to determine whether neurodegenerative features are ameliorated by novel therapeutics.

Magnetic resonance spectroscopy (MRS) provides detailed biochemical information on toxic metabolites, neuronal degeneration, demyelination*/*dysmyelinogenesis, and changes in cell populations.[@bib5], [@bib6], [@bib7] Levels of other normal brain metabolites can provide insight into the biochemical changes that occur during GM1. Impaired neuronal function, injury, and death can be monitored directly through the measurement of *N*-acetylaspartate (NAA), a marker of neuroaxonal integrity.[@bib8]^,^[@bib9] Demyelination and/or dysmyelinogenesis, other pathological hallmarks in patients with GM1,[@bib10], [@bib11], [@bib12], [@bib13], [@bib14] can also be quantified by measuring choline (Cho), which primarily consists of the cell membrane components phosphocholine and glycerophosphocholine.[@bib8]^,^[@bib15] Demyelination can be further monitored as smaller breakdown products detected lower in the spectra in the form of lipid peaks.[@bib6] Gliosis is also a histopathologic finding because GM1 gangliosides accumulate within glial cells, resulting in their activation and proliferation.[@bib10]^,^[@bib16]^,^[@bib17] Gliosis can be directly monitored using MRS to measure myoinositol (Ins), a marker of glial cell number.[@bib6]^,^[@bib15]^,^[@bib18]

Feline GM1 faithfully recapitulates late-infantile GM1. First reported in the 1970s, the feline GM1 model has been meticulously studied and exhibits a similar phenotype, lipid storage profile, and ganglioside metabolism[@bib19]^,^[@bib20] compared with humans. Body fluid and MRI-based biomarkers also correlate between GM1 cats and human patients.[@bib21] Thus, the feline model has many advantages for testing long-term efficacy of novel therapeutics. We developed an adeno-associated virus (AAV)-mediated gene therapy that exhibits extraordinary efficacy in GM1 mice and cats,[@bib22], [@bib23], [@bib24] with an average survival increase \>7.5-fold after gene therapy.[@bib20] Currently, two of the treated cats from the original report[@bib20] remain healthy, with only mild disease at \>8 years of age (untreated lifespan of 8.0 ± 0.6 months).

The unprecedented success of gene therapy in the GM1 animals has led to consideration of human clinical trials. Although efficacious, the previously reported route of administration (combined thalamic \[Thal\] and cerebellar injection) is generally cautioned against in humans due to the surgical risk for cerebellar hemorrhage and brainstem herniation from increased pressure in the posterior fossa. In our previous studies in cats,[@bib20]^,^[@bib21]^,^[@bib25]^,^[@bib26] we rarely encountered excessive hemorrhage from the cerebellar injection sites. However, the cat cerebellum is positioned caudal to the cerebrum and is more easily approached than the human cerebellum, located ventral to the cerebrum. In an attempt to minimize risk in children, we tested intracerebroventricular (i.c.v.) injection as an alternative delivery route to the cerebellum via cerebrospinal fluid (CSF). Post mortem analyses were performed at multiple time points in untreated GM1 cats and in GM1 cats treated with gene therapy to evaluate: (1) therapeutic efficacy and (2) ultra-high-field (7-tesla \[7T\]) MRI and MRS as non-invasive objective measures for future clinical trials. Direct measurement of brain biochemistry by MRS in the feline GM1 brain strongly correlates with disease progression, facilitating non-invasive assessment of the effects of intracranial gene therapy for GM1 and providing a framework for future human clinical trials.

Results {#sec2}
=======

To evaluate efficacy in a reasonable time frame, we treated most cats in the current study by a reduced dose relative to the original report, in which treated GM1 cats survived many years.[@bib20]^,^[@bib21] GM1 cats underwent i.c.v. and bilateral Thal injection of an AAVrh8 vector encoding feline β-gal at a total dose of 2 × 10^12^ vg (n = 5) or 5.4 × 10^12^ vg (n = 1). The cat treated with the high dose remains alive at 6.5 years, whereas those treated with the low dose had a mean survival time of 18.8 ± 6.0 months (p = 0.014) compared with the untreated lifespan of 8.0 ± 0.6 months ([Figure 1](#fig1){ref-type="fig"}B). In addition to extending lifespan by 2.4- or 8.7-fold in cats treated with the low or high doses, respectively, this therapy clearly improved quality of life and ameliorated disease signs as reflected by a clinical rating scale ([Figure 1](#fig1){ref-type="fig"}A). The numerical clinical rating scale was established to measure neuromuscular disease progression in untreated GM1 cats and is described in the [Materials and Methods](#sec4){ref-type="sec"}. Three additional GM1 cats treated with the low dose were euthanized at a predetermined time point equivalent to the humane endpoint of untreated GM1 cats (\~8 months) for histopathologic and biochemical assessments. Animals euthanized at the predetermined time point were not included in the survival curve.Figure 1Clinical Disease Progression and Survival of GM1+AAV-Treated Cats(A) Clinical rating scores representing neurologic disease in normal cats (black circles), a representative untreated GM1 cat (closed gray triangles), a GM1 cat treated with AAV at a high dose (closed gray circles), and GM1 cats treated with AAV at a low dose (open symbols). (B) Kaplan-Meier survival curve. GM1 cat treated with AAV at a high dose (black line), GM1+AAV low-dose cats (dark gray line), and untreated GM1 cats (light gray line).

MRI and MRS {#sec2.1}
-----------

Ultra-high-field (7T) MRI and MRS were performed on untreated GM1 cats at 4 months and at the humane endpoint (\~8 months). AAV-treated GM1 cats were divided into short-term (\~8 months) and long-term cohorts (humane endpoint) and underwent MRI at both time points. On T2-weighted (T2W) MRI, macroscopic GM1 storage in gray matter is visualized as a darkening (hypointensity), whereas demyelination of white matter is represented by a lightening (hyperintensity) ([Figure 2](#fig2){ref-type="fig"}A). These two pathologic events result in the brain taking on an overall gray appearance and reduction of contrast between gray and white matter (isointensity).[@bib10]^,^[@bib27] In the untreated GM1 cerebrum and cerebellum at 8 months, the gray and white matter were isointense compared with the normal cat.[@bib10]^,^[@bib27] After gene therapy, intensity changes were largely ameliorated throughout the brain with the exception of the temporal lobe (white box) and portions of the cerebellum. T2W MRI images, like those depicted in [Figure 2](#fig2){ref-type="fig"}A, were quantitated as percent of low lipid signal (lightgray), high lipid signal (dark gray), and aqueous signal (white, CSF; [Figures 2](#fig2){ref-type="fig"}B--2E). In general, untreated GM1 cat brains had an increased percentage of high lipid signal, which replicates findings in human GM1 patient MRIs and is consistent with ganglioside storage in cell bodies.[@bib28] Quantitation of MRIs in GM1+AAV cats corroborated anatomical assessments that brain architecture was largely preserved by gene therapy.Figure 27T MRI of GM1 Cats after Gene Therapy(A) In T2-weighted images from normal cats, white matter is represented by dark gray regions and gray matter by light gray regions. CSF is represented by white pixels. In the GM1 cat, there is an overall isointensity or lack of difference between the gray and white matter in the cerebral cortex and cerebellum. At 8 months in the AAV-treated cats (low dose), the brain is largely normalized except for the temporal lobe (white box) and parts of the cerebellum. (B--E) Intensities on MRI were calculated in an individual slice at the level of the striatum (B), thalamus (C), occipital cortex (D), and cerebellum (E) in normal cats, untreated GM1 cats, and low-dose GM1+AAV cats at 8 months and at the humane endpoint. The intensity associated with increased lipid content (dark gray) was increased in GM1 untreated cats because of ganglioside storage in cell bodies of the gray matter. After treatment, gray and white matter intensities are normalized. \*p \< 0.05, \*\*p \< 0.01 from age-matched normal cats; ^†^p \< 0.05, ^Ŧ^p \< 0.01 from untreated GM1 cats at the humane endpoint. Error bars represent standard deviation.

MRS was utilized to quantify levels of metabolites that represent gliosis, demyelination, and neuro-axonal loss in feline GM1. Six voxels of the brain were analyzed, with emphasis on the cerebellum ([Figure 3](#fig3){ref-type="fig"}) because treatment of the cerebellum without parenchymal injections is a focus of this study. By 4 months of age there was a reduction in the neuroaxonal marker NAA and an increase in the markers of demyelination, glycerophosphocholine and phosphocholine (GPC+PCh). By the humane endpoint, the GM1 cat exhibited more pronounced reduction of NAA and a reduction of NAA+*N*-acetyl aspartyl glutamate (NAAG), also a marker of neuronal health. GPC+PCh increased further at the humane endpoint, and an increase in markers of gliosis (Ins) and metabolism (creatine and phosphocreatine \[Cr+PCr\]) was noted. The untreated GM1 cat at humane endpoint also exhibited a decrease of the neurotransmitters glutamate and glutamine (Glu+Gln). With the exception of Ins at the 8-month time point, low-dose AAV gene therapy failed to correct any of these alterations in the cerebellum of GM1 cats. High-dose gene therapy (n = 1, ongoing) has thus far resulted in increased survival to 6.5 years, with full or partial correction of Ins, GPC+PCh, and Cr+PCr. Metabolites that remained abnormal in the animal treated with the high dose include NAA, NAA+NAAG, and Glu+Gln. In fact, levels of these metabolites approximate those of the low-dose cohort at the humane endpoint. To determine each metabolite's predictive ability, we correlated individual metabolite concentrations from the cerebellum with individual clinical rating scores at the time of MRI/MRS. NAA+NAAG, NAA, and GPC+PCh had the greatest correlations, with R^2^ values of 0.57, 0.55, and 0.53, respectively.Figure 3MRS of the Cerebellum after AAV Gene TherapyBrain metabolites were measured in untreated GM1 cats at early disease stage (4 months) and humane endpoint (\~8 months), and in age-matched normal controls (yellow line). Also measured were GM1+AAV-treated cats at 8 months or long term. The following metabolites were included: myoinositol (Ins, a marker of gliosis), *N*-acetylaspartate (NAA, a marker of neuroaxonal health), glycerophosphocholine and phosphocholine (GPC+PCh, an indication of demyelination), NAA+*N*-acetyl aspartyl glutamate (NAAG, also indicating neuroaxonal health), creatine and phosphocreatine (Cr+PCr, markers of metabolism), and glutamate and glutamine (Glu+Gln, markers of the glutaminergic neurotransmitter recycling system). (A) Partially or fully corrected metabolites of GM1 cats treated by gene therapy included Ins, GPC+PCh, and Cr+PCr. \*p \< 0.05, \*\*p \< 0.01 versus age-matched normal; ^†^p \< 0.05, ^Ŧ^p \< 0.01 from untreated GM1 cats at the humane endpoint. (B) Metabolites were plotted against clinical status (clinical rating scores) at the time of MRS to evaluate correlation with clinical disease (R^2^). Error bars represent standard deviation.

Metabolite concentrations in the internal capsule, thalamus, parietal cortex, temporal lobe, and occipital cortex were also quantified ([Figure S1](#mmc1){ref-type="supplementary-material"}). Ins was increased in the GM1 cat at humane endpoint in the thalamus and internal capsule, indicating pronounced gliosis. NAA was reduced or trended toward a reduction in all untreated brain areas at both time points, and GPC+PCh was increased in all untreated GM1 voxels at 8 months. In general, low-dose gene therapy resulted in transient, partial correction of a few metabolites, but no persistent correction was measured for any metabolite in any region of the brain with the exception of GPC+PCh in the internal capsule. Partial or full correction of metabolite levels across the brain was most clear in the single cat treated with the high dose, which had near-normal or normal levels of all metabolites in the internal capsule and parietal cortex. Although no single treatment restored all metabolite levels in the thalamus and occipital cortex, the highest degree of normalization was found in the animal treated with the high dose.

Biodistribution {#sec2.2}
---------------

Qualitative biodistribution assays detected β-gal activity throughout the brain, with the highest levels at the injection sites tapering to lower levels elsewhere (blue staining in [Figure 4](#fig4){ref-type="fig"}B). When quantitated with a fluorogenic substrate, β-gal activity in the brain ranged from 0.2- to 0.6-fold normal (or 20%--60% normal), which exceeded the hypothesized therapeutic threshold of \~10% normal for most lysosomal enzymes.[@bib1]^,^[@bib29]^,^[@bib30] Similarly, β-gal activity was detected throughout the spinal cord in seven tested blocks that encompassed the cervical, thoracic, and lumbar regions. Activity was lowest in the cervical and thoracic spinal cord (0.0- to 0.1-fold normal) but reached as high as 4.5-fold of normal in the lumbar region ([Figure 4](#fig4){ref-type="fig"}B). Vector biodistribution followed a similar profile, with the greatest amount of vector genomes near the Thal injection site with decreases by two orders of magnitude throughout the remainder of the brain and spinal cord ([Table S1](#mmc1){ref-type="supplementary-material"}).Figure 4Biodistribution of β-Gal in the Brain and Spinal Cord of GM1+AAV (Low-Dose) Cats(A) Solid white dots indicate thalamic injection sites, whereas the open white dot represents the lateral ventricular injection site. Cat brain was divided at necropsy into 6-mm blocks, shown by white lines, and blocks were labeled A--I. The right hemisphere was used for β-gal staining and activity assays. (B) Blue histochemical staining represents β-gal activity throughout the brain. Below each stained section is shown quantitative β-gal activity expressed as fold of normal levels. (C) Spinal cord blocks are denoted by letters J--P and correspond to the coronal sections stained for β-gal activity (blue). Shown is a representative example of a GM1 cat treated with the low dose and followed to the humane endpoint (8-1701), as well as control sections from untreated normal and GM1 cats.

Storage Clearance {#sec2.3}
-----------------

Biodistribution of β-gal inversely correlated with storage material as assessed by periodic acid-Schiff (PAS) staining (converted to grayscale), which was utilized to assess storage clearance after AAV gene therapy ([Figure 5](#fig5){ref-type="fig"}). In the GM1 cat, white matter stains lighter and gray matter stains darker than the normal cat due to myelin loss and ganglioside storage, respectively. PAS staining was largely normalized throughout the brain of the AAV-treated cat at both 8 months and the humane endpoint, with the exception of aspects of the temporal and parietal lobes, occipital cortex, and cerebellum. Intensity alterations observed in MRI (i.e., darkening of gray matter and lightening of white matter; [Figure 2](#fig2){ref-type="fig"}) showed similar anatomical distribution as the PAS-positive storage material.Figure 5Storage Material in GM1 Cats Treated with the Low Dose of Gene TherapyPeriodic acid-Schiff stain (converted to grayscale) is shown to illustrate the storage pattern in the striatum/parietal cortex, caudal thalamus/temporal cortex, occipital cortex/midbrain, and cerebellum/brainstem. In the normal cat, white matter is darker than gray matter, and this is inverted in the GM1 cat because of high storage levels in neuronal cell bodies. Gene therapy normalized storage levels except in discrete areas of the parietal cortex, temporal lobe, and cerebellum.

Neuroinflammation {#sec2.4}
-----------------

To determine whether the neuroinflammatory response was altered by gene therapy, we performed immunohistochemistry for astrocytes (glial fibrillary acidic protein \[GFAP\]) and microglia (Iba-1). Astrocyte number increased and cells adopted a reactive morphology in the GM1 cat compared with normal ([Figure 6](#fig6){ref-type="fig"}A). At 8 months of age (\~6 months post treatment), the morphology more closely resembled normal cats, with moderate progression at the humane endpoint in several brain areas including the parietal cortex ([Figure 6](#fig6){ref-type="fig"}A). The total area of GFAP staining increased in all brain areas of the GM1 cat ([Figure 6](#fig6){ref-type="fig"}B). In treated GM1 cats at 8 months of age, GFAP staining decreased in all areas of the brain except the striatum. However, GFAP staining began to increase again by the humane endpoint, so reductions at the 8-month time point were not permanent ([Figure 6](#fig6){ref-type="fig"}B). GFAP staining in the cerebellum mildly correlated with Ins concentration as determined by MRS (R^2^ = 0.33; [Figure 6](#fig6){ref-type="fig"}C), but highly correlated with the clinical rating score of cats at the time of MRI (R^2^ = 0.70; [Figure 6](#fig6){ref-type="fig"}D). As estimated by Iba-1 staining, microgliosis was also increased in the untreated GM1 cat. Iba1 staining was intermediate in GM1 cats after gene therapy, although precise quantitation was not possible due to variability in background staining ([Figure S2](#mmc1){ref-type="supplementary-material"}).Figure 6Astrocyte (GFAP) Staining after AAV Gene Therapy (Low Dose)(A) Representative GFAP staining of the parietal cortex in normal, GM1, or GM1+AAV (low-dose) cats at 8 months and at the humane endpoint. (B) Quantification of GFAP staining in the striatum, thalamus, parietal cortex, temporal lobe, occipital cortex, and cerebellum. (C) Correlation of cerebellar GFAP staining with myoinositol (Ins) concentrations from MRS. (D) Correlation of GFAP staining in the cerebellum with the clinical rating score of cats. \*p \< 0.05, \*\*p \< 0.01 from age-matched normal controls; ^†^p \< 0.05, ^Ŧ^p \< 0.01 from GM1 cats at the humane endpoint. Error bars represent standard deviation.

Neuronal Degeneration {#sec2.5}
---------------------

Degenerative change was widespread in both neuron cell bodies and axons in untreated GM1 cats ([Figure S3](#mmc1){ref-type="supplementary-material"}). Six months after gene therapy, neuronal morphology was improved in the parietal cortex, thalamus, and cerebellum, but correction was not achieved in the ventral hippocampus, an area previously shown to be ineffectively treated by Thal injection.[@bib20]^,^[@bib26] In GM1+AAV cats at the humane endpoint, Thal and parietal cortex morphology remained partially corrected, whereas neurodegeneration persisted in the cerebellum. White matter was normalized at both 8 months and humane endpoint in treated GM1 cats, in agreement with assessments by MRI.

Demyelination {#sec2.6}
-------------

Luxol fast blue (LFB) staining for myelin was reduced in untreated GM1 animals in most brain areas with the exception of the internal capsule of the striatum ([Figure 7](#fig7){ref-type="fig"}). After AAV gene therapy, myelination was at least partially preserved in all brain areas, both at 8 months and at the humane endpoint. Electron microscopy of myelinated axons in the temporal lobe showed extensive unravelling of myelin in the untreated GM1 cat compared with normal, correlating with previous reports.[@bib19]^,^[@bib31] At the humane endpoint, myelination in GM1+AAV cats exhibited a minimal degree of sheath separation and splitting, which was not fully normal but was a clear improvement over untreated GM1 cats.Figure 7Myelin (Luxol Fast Blue) Staining and the Effect of AAV Gene Therapy(A) Representative Luxol fast blue stains from normal, GM1, and GM1+AAV (low dose) cats at 8 months and at the humane endpoint (scale bars, 10 μm). (B) Myelin density in the internal capsule, thalamus, parietal cortex, temporal lobe, occipital cortex, and cerebellum. (C) Transmission electronic microscopy (TEM) of the white matter of the temporal lobe of normal (left), untreated GM1 (middle), and GM1+AAV at the humane endpoint (right). White arrows show the myelin sheath. \*p \< 0.05 or \*\*p \< 0.01 from age-matched normal; ^†^p \< 0.05 or ^Ŧ^p \< 0.01 from GM1 cats at endpoint; ^§^p \< 0.05 from 8-month time point. Error bars represent standard deviation.

Oligodendrocytes were evaluated and quantified (Olig2 stain; [Figure 8](#fig8){ref-type="fig"}) in an effort to elucidate the mechanism of myelin preservation. In untreated GM1 cats, oligodendrocyte number did not change significantly compared with normal cats, but after AAV gene therapy, oligodendrocyte number increased above normal in many brain areas in both the gray and white matter. Oligodendrocytes from untreated GM1 cats had ultrastructural features of irreversible cell injury, including variation in nuclear shape, undulation of the nuclear envelope, mitochondrial swelling with cristolysis, and swelling/dilatation of the cytocavitary network ([Figure 8](#fig8){ref-type="fig"}C). After gene therapy, oligodendrocytes maintained nuclear morphology consistent with what is observed in normal age-matched cats. In addition, oligodendrocytes had a scant amount of electron-dense cytoplasm and appeared to myelinate neuronal processes (data not shown).Figure 8Oligodendrocyte (Olig2) Alterations in GM1 Cats after AAV-Mediated Gene Therapy(A) Representative photomicrograph of oligodendrocytes in the white matter of normal, GM1, and GM1+AAV-treated cats in the parietal cortex (scale bars, 10 μm). (B) Quantification of oligodendrocyte density in the gray and white matter of the striatum, thalamus, parietal cortex, temporal lobe, occipital cortex, and cerebellum. (C) Transmission electron microscopy (TEM) of oligodendrocytes in the temporal lobe of the normal (left), GM1 (middle), and GM1+AAV cat at the humane endpoint (right). \*p \< 0.05, \*\*p \< 0.01 from age-matched normal controls; ^†^p \< 0.05 from GM1 cats at the humane endpoint. Error bars represent standard deviation.

Discussion {#sec3}
==========

AAV gene therapy via Thal and DCN injection in GM1 cats has shown profound efficacy resulting in a greater than 7.5-fold increase in lifespan, with four of nine treated cats living beyond 7 years of age and having dramatic improvement in neurologic signs.[@bib20]^,^[@bib21] Although very efficacious, direct injection of the cerebellum carries the risk for hemorrhage in the posterior fossa, herniation, and death.

In the current study, i.c.v. injection was tested as an alternative means of treating the cerebellum based on the principle that CSF flows through the ventricular system and into the cisterna magna, thus bathing the cerebellum. Here we tested bilateral Thal injection combined with lateral ventricular infusion at two doses: 5.4 × 10^12^ vg (n = 1) and 2 × 10^12^ vg (n = 5). The animal treated with the highest dose has shown substantially improved efficacy and remains alive at 6.5 years of age, similar to survival achieved after combined Thal and DCN delivery (5--8 years of age[@bib20]^,^[@bib21]). When GM1 cats treated in the thalamus and DCN were given one-tenth the maximum dose, their survival was extended, but only to 13.9--21.2 months.[@bib20]^,^[@bib21] The clear correlation between survival and dose after treatment of the thalamus and DCN also supports the hypothesis that administration of higher doses will lead to improved survival in animals treated by thalamus and i.c.v. injection.

Testing for efficacy at reduced doses is important because application of a lower dose is often tested first in phase I/II clinical trials to show safety prior to dose escalation. This has been well illustrated in a clinical trial for spinal muscular atrophy (ClinicalTrials.gov: [NCT02122952](NCT02122952){#intref0010}), which started with an initial low dose in three patients, then moved to a higher dose with the remaining 12 patients.[@bib32] Although both cohorts received clear benefit from the treatment, the highest dose produced the greatest benefit. Results from the current study show a similar trend and may predict outcomes in future human clinical trials. Also, it is important to test safety and efficacy of different AAV doses in preclinical animal studies before translation to human patients. For example, preclinical studies of AAVrh8 vectors expressing species-matched hexosaminidase, the enzyme missing in Tay-Sachs and Sandhoff diseases, demonstrated toxicity in the brains of nonhuman primates (NHPs).[@bib33] Toxicity was attributed to overexpression of hexosaminidase and did not occur when expression levels were reduced. Multi-year studies using AAV vectors/doses similar to those of the NHP report found no toxicity in wild-type cats or those affected with GM1 or Sandhoff disease.[@bib20]^,^[@bib21]^,^[@bib25]^,^[@bib26]^,^[@bib34] Thus, detrimental responses to transgene overexpression, or other aspects of AAV treatment, may be species specific.

We also assessed the ability of ultra-high-field (7T) MRI and MRS to predict pathologic change in discrete brain areas for future clinical trial applications. In line with a previous report,[@bib21] we show a strong correlation between MRI/MRS biomarkers and clinical signs in feline GM1 and also show that MRI-based modalities can be used to infer regional therapeutic efficacy. We report presymptomatic reduction of the neuronal marker NAA and an increase in demyelination markers GPC+PCh. Later MRI and MRS metabolite changes reflect disease progression and amelioration in different brain areas after gene therapy. These results agree with reports from human patients, in which total brain volume and NAA levels highly correlated with disease severity in GM1 patients, further supporting use of MRI and MRS as objective measures in future GM1 clinical trials.[@bib28]

Not surprisingly, the most advanced pathologic changes occurred in brain areas with low β-gal content, demonstrating that correction of neurodegeneration is dependent upon appropriate distribution of therapy to individual brain regions. MRI intensity inversions of gray and white matter reflect the PAS glycolipid profile of the untreated GM1 cat. In AAV-treated cats, brain areas with the highest β-gal activity were normalized on both MRI and PAS staining. Also, MRS was able to predict histopathologic change in most brain areas. However, it remains unclear why GPC+PCh correlated with myelination in the cerebellum of treated cats at 8 months of age, but not at the humane endpoint. This may represent loss of myelin components not evaluated by LFB staining, because LFB represents staining of lipoproteins. Increased oligodendrocytes (2- to 3-fold) and myelin after AAV gene therapy were noted in areas with β-gal activity above the therapeutic threshold, suggesting that oligodendrocytes can restore myelination through proliferation if sufficient β-gal is present. It remains to be seen whether such remyelination can reverse functional deficits in GM1 patients treated after symptom onset.

Reduction of NAA on MRS reflected neurodegeneration in untreated GM1 cats, but did not reflect normalization of neuronal morphology in the cerebral cortex of treated cats, again at the humane endpoint. We hypothesize this could be because of increased oligodendrocyte number, because NAA is thought to be primarily produced by neurons and used by oligodendrocytes for myelination and as an energy source.[@bib35] This metabolic relationship may indicate why we observed reduced NAA without overt neurodegeneration or neuronal loss. In contrast, evidence of neuronal degeneration was noted in the cerebellum with a concurrent reduction of glutamate. This may indicate loss of glutamatergic neurons, with studies underway to investigate this phenomenon.

Although AAV gene therapy for GM1 administered by Thal and lateral ventricular delivery delayed onset of disease, improved quality of life, and significantly extended lifespan in GM1 cats, the low dose used to treat most animals was suboptimal. This study suggests that high AAV doses are required for effective CSF delivery and should be taken into account in future clinical trial planning.

Materials and Methods {#sec4}
=====================

Study Objective and Design {#sec4.1}
--------------------------

The goal of this study was to test the delivery of AAV gene therapy in feline GM1 after Thal and lateral ventricular injection. Cats with GM1 are bred and maintained at Auburn University, and its Institutional Animal Care and Use Committee (IACUC) approved the research described herein. Clinical assessments were made bimonthly on all cats. Clinical rating scores were based on the following clinical signs, with a normal score of 10 and subtraction of one point for each symptom acquired: slight tremors, overt tremors, hindlimb weakness, wide-based stance, ataxia, occasional falling, limited ambulation, spastic front legs, spastic hind legs, and inability to ambulate. GM1 cats were treated at 2--3 months of age with either "high" (5.4 × 10^12^ vg/animal) or "low" (2.0 × 10^12^ vg/animal) doses of an AAVrh8 vector encoding feline β-gal. Approximately 20% of the total dose was injected into each thalamus, and the remaining \~60% of the dose was injected into the lateral ventricle as follows. A total of 70 μL was injected into each thalamus in 10- to 20-μL boluses. Injection rate was 2 μL/min, and the needle was raised 0.15 cm between boluses. A total of 200 μL was injected into the left lateral ventricle at a rate of 15 μL/min. AAV vector transgene expression is controlled by a hybrid cytomegalovirus (CMV) enhancer/chicken β-actin promoter and a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) as previously described.[@bib20]^,^[@bib21]

MRI and MRS {#sec4.2}
-----------

MRI and MRS data were acquired as previously described[@bib21] on a 7T MAGNETOM scanner (Siemens Healthcare, Erlangen, Germany) at 4 and 8 months for untreated GM1 cats (n = 4 and n = 6, respectively); at 4 months, 8 months, and 2--5 years for normal controls (n = 4 per time point); and at 8 months or the humane endpoint for the GM1+AAV low-dose group (n = 5). A 32-channel head coil (Nova Medical, Boston, MA, USA) was used for all scans. Anatomical coronal images were acquired using 3D MPRAGE (magnetization-prepared rapid gradient echo) with 0.5-mm isotropic resolution and TR/TE of 1,910/2.5 ms, followed by 2D axial T2 turbo spin echo (TSE) images with TR/TE of 5,450/12 ms and a resolution of (0.25 × 0.25 × 1) mm^3^. Single-voxel spectroscopy (SVS) was then acquired using PRESS (point resolved spectroscopy) sequence optimized for 7T with TE/TR = 30/5,000 ms, 64 averages, and a variable pulse power and optimized relaxation delays (VAPOR) water suppression. Shimming was performed using FASTESTMAP[@bib36] or a GRE shim sequence (Siemens Healthcare, Erlangen, Germany) followed by manual shimming. The resulting full width at half maximum (FWHM) of the unsuppressed water peak was typically 16 Hz. Optimization of radiofrequency (RF) pulse amplitudes and of the water suppression scheme was performed prior to acquiring each spectrum. The unsuppressed water signal was obtained and used for eddy current correction and for quantification of metabolites. Using high-resolution 3D MRI images, we positioned voxels in the thalamus (7 × 6 × 8 mm), corona radiata (7 × 5 × 8 mm), parietal cortex (7 × 6 × 8 mm), temporal lobe (7 × 6 × 8mm), occipital cortex (6 × 6 × 5 mm), and cerebellum (7 × 7 × 8 mm). MRI data were analyzed with EFilm 3.2 software (Merge Healthcare, Chicago, IL, USA). MRS data were processed with LC model and internal water scaling (<http://s-provencher.com/lcmodel.shtml>).

Assay of β-Gal Activity {#sec4.3}
-----------------------

Brain and spinal cord sections were assayed from frozen sections cut from each coronal block. Tissue was homogenized in citrate phosphate buffer (50 mM, pH 4.4) containing 0.1% Triton X-100 and 0.05% bovine serum albumin as previously described.[@bib20] Enzymatic activity was measured using a fluorogenic substrate for β-gal. Specific activity is expressed as nmol 4 MU/mg protein/h as previously described.[@bib20]

Histochemical Staining of β-Gal {#sec4.4}
-------------------------------

For spatial assessment of β-gal activity, frozen sections (40 μm) were thawed and fixed in glutaraldehyde (0.5%) in citrate phosphate buffer (Na2HPO4·7H2O, 50 mM citric acid monohydrate, 10 mM NaCl \[pH 4.2 for brain and 5.2 for spinal cord\]) for 10 min followed by washes in citrate phosphate buffer. Tissue sections were incubated at 37°C overnight in citrate phosphate buffer (pH 4.2 for brain or pH 5.2 for spinal cord), containing 20 mM K~4~Fe(CN)~6~, 20 mM K~3~Fe(CN)~6~, 2 mM MgCl~2~, 0.02% Igepal, 0.01% deoxycholic acid, and X-gal (2 mg/mL). The next day, sections were washed, dehydrated, and mounted as previously described.[@bib20]

Immunohistochemistry and Histochemical Staining {#sec4.5}
-----------------------------------------------

LFB staining was performed as previously described.[@bib37] Iba1 (CP290A; Biocare Medical) staining was performed using a 1:100 dilution and overnight incubation as previously described.[@bib38] All other immunohistochemical stains were performed using a Dako automated immunostainer (Autostainer Link48; Dako-Agilent, Santa Clara, CA, USA) using a low pH (6.1) antigen retrieval. Olig2 (EPR2678, 1:200 dilution; Abcam) was incubated for 30 min, and GFAP (IR 52461-2; no dilution; Dako-Agilent, Santa Clara, CA, USA) was incubated for 20 min. Detection was performed using the Dako EnVision HRP detection with DAB chromogen and hematoxylin counterstain. For quantification, slides were digitally scanned at ×80 using an Aperio Scan Scope (Leica Biosystems, Buffalo Grove, IL, USA). Algorithms were written to quantify area of diaminobenzidine (DAB) for each individual stain using Visiopharm quantitative digital histopathology software (Visiopharm, Hoersholm Denmark) and applied to all slides of an individual stain.

PAS Staining for Storage Assessment {#sec4.6}
-----------------------------------

The oligosaccharide side chain of ganglioside was qualitatively assessed using PAS staining. Frozen sections (40 μm) were washed in phosphate-buffered saline (PBS), fixed for 7 min with 3.7% paraformaldehyde in 95% ethanol/5% double-distilled water (ddH~2~O) (pH 7.4), washed again with PBS, incubated for 3 min in 0.5% periodic acid, washed in ddH~2~O, and incubated in Schiff reagent for 45 (brain) or 60 s (spinal cord) as previously described.[@bib20]

qPCR for AAV Biodistribution {#sec4.7}
----------------------------

Vector was measured by qPCR with SYBR green-based reactions (Bio-Rad, Hercules, CA, USA) with primers specific for WPRE in the vector (forward, 5′-AGTTGTGGCCCGTTGTCA-3′; reverse, 5′-GAGGGGGAAAGCGAAAGT-3′). Cycle parameters were as follows: 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Genomic DNA samples (50 ng/sample) were measured in duplicate using a Bio-Rad CFX96 Real-Time System and compared with a standard curve of a plasmid containing the WPRE sequence as previously described.[@bib20]

Statistics {#sec4.8}
----------

Statistical analyses were performed using Microsoft Excel (Microsoft, Redmond, WA, USA) and Prism (GraphPad, San Diego, CA, USA). Two-sided, paired Student's t test assuming unequal variances was utilized for statistical comparisons between groups. p values are indicated from normal (\*p \< 0.05, \*\*p \< 0.01) and untreated GM1 cats (^†^p \< 0.05, ^Ŧ^p \< 0.01). For MRS, only spectra with a Cramér-Rao minimum variance bounds of \<30 were included in analysis. Regression analyses (R^2^) were used to correlate clinical signs with metabolite concentrations.
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